Arbuscular mycorrhiza (AM) fungi establish symbiotic interactions with plants, providing the host plant with minerals, i.e. phosphate, in exchange for organic carbon. Arbuscular mycorrhiza fungi of the order Glomerales produce vesicles which store lipids as an energy and carbon source. Acyl-acyl carrier protein (ACP) thioesterases (Fat) are essential components of the plant plastid-localized fatty acid synthase and determine the chain length of de novo synthesized fatty acids. In addition to the ubiquitous FatA and FatB thioesterases, AM-competent plants contain an additional, AM-specific, FatM gene. Here, we characterize FatM from Lotus japonicus by phenotypically analyzing fatm mutant lines and by studying the biochemical function of the recombinant FatM protein. Reduced shoot phosphate content in fatm indicates compromised symbiotic phosphate uptake due to reduced arbuscule branching, and the fungus shows reduced lipid accumulation accompanied by the occurrence of smaller and less frequent vesicles. Lipid profiling reveals a decrease in mycorrhiza-specific phospholipid forms, AM fungal signature fatty acids (e.g. 16:1x5, 18:1x7 and 20:3) and storage lipids. Recombinant FatM shows preference for palmitoyl (16:0)-ACP, indicating that large amounts of 16:0 fatty acid are exported from the plastids of arbuscule-containing cells. Stable isotope labeling with [ 13 C 2 ]acetate showed reduced incorporation into mycorrhiza-specific fatty acids in the fatm mutant. Therefore, colonized cells reprogram plastidial de novo fatty acid synthesis towards the production of extra amounts of 16:0, which is in agreement with previous results that fatty acid-containing lipids are transported from the plant to the fungus.
INTRODUCTION
Arbuscular mycorrhiza (AM) symbiosis is an ancient association established by the majority of land plants with obligate biotrophic fungi of the Glomeromycota (Corradi and Bonfante, 2012) . Arbuscular mycorrhiza symbiosis enhances the nutrient supply of plants because AM fungi have access to extrarhizospheric minerals due to exploration of the soil by their extraradical mycelium. In exchange, plants deliver photosynthetic assimilates to the fungus (Smith and Smith, 2011; Roth and Paszkowski, (Smith and Read, 2008) . In AM fungi, lipid droplets are transported throughout the mycelium (Bago et al., 2002) . These lipids account for more than 50% of the vesicle dry mass, and consist of glycolipids, sphingolipids, phospholipids, sterols and, in particular, triacylglycerol (TAG) as a storage lipid, with palmitvaccenic acid (16:1x5; number of carbons:number of double bonds, position of double bond) representing the most abundant fatty acid (JabajiHare et al., 1984) .
Labeling experiments with 14 C have shown that extraradical hyphae cannot synthesize fatty acids, and it was concluded that the fungus is either deficient in de novo fatty acid synthesis or only intraradical hyphae are capable of fatty acid synthesis (Trepanier et al., 2005) . Recent analysis of genomic and transcriptomic data revealed that AM fungi lack cytosolic type-I fatty acid synthase (FAS) (Tisserant et al., 2013; Wewer et al., 2014; Ropars et al., 2016; Sedzielewska Toro and Brachmann, 2016; Tang et al., 2016) . Therefore, the obligate biotrophy of AM fungi might in part be a consequence of the lack of de novo fatty acid synthesis (Wewer et al., 2014) , and it was shown that, in addition to carbohydrates, fatty acids are supplied by the plant to the fungus (Jiang et al., 2017; Keymer et al., 2017; Luginbuehl et al., 2017) . In line with this scenario, genes encoding enzymes of lipid biosynthesis were identified by mutant screening and phylogenetic clustering approaches. These genes are specifically expressed during AM formation, are conserved in plants undergoing AM symbiosis and appear to be involved in the production of lipids, which are transported to the fungus (Gaude et al., 2012; Wang et al., 2012; Delaux et al., 2014; Favre et al., 2014; Bravo et al., 2016; Keymer et al., 2017) . The RAM2 (reduced arbuscular mycorrhiza2) gene encodes an enzyme with high sequence similarity to Arabidopsis glycerol-3-phosphate acyltransferase 6 (GPAT6). The GPAT enzymes catalyze the transfer of an acyl chain from acyl-CoA to glycerol-3-phosphate, resulting in the production of lyso-phosphatidic acid (LPA). Some GPAT enzymes, including Arabidopsis GPAT6, harbor an additional phosphatase domain which produces monoacylglycerol (MAG) from LPA. GPAT6 reveals a preference for the sn-2 position of glycerol, thus producing sn-2 MAG as a precursor for surface polyester (suberin) synthesis (Beisson et al., 2012) . Similar to GPAT6, RAM2 from Medicago truncatula contains a phosphatase domain and it produces sn-2 MAGs with a preference for 16:0 sn-2 MAG (Wang et al., 2012; Luginbuehl et al., 2017) . The corresponding ram2 mutant of Medicago shows a severe arbuscule branching phenotype (Wang et al., 2012) . Recent studies on Medicago and Lotus mutants of ram2 confirmed that RAM2 is involved in an AM-specific lipid biosynthetic pathway in the plant which is activated upon fungal infection and provides carbon to the fungus in the form of fatty acyl groups (Bravo et al., 2017; Jiang et al., 2017; Keymer et al., 2017; Luginbuehl et al., 2017) .
Plants produce about 95% of their fatty acids via the plastidial, canonical type-II FAS enzymes (Ohlrogge and Browse, 1995) . One of the key enzymes, b-ketoacyl-acyl carrier protein (ACP) synthase I (KASI) catalyzes the sequential dicarbon chain elongation reactions starting with acetyl-CoA. Arbuscular mycorrhiza competent plants, including Lotus, contain two additional KASI genes. One of them (DIS, disintegrated arbuscules) is induced during AM formation in arbuscocytes. Analysis of the Lotus dis-1 mutant demonstrated that the DIS gene is critical for the production of extra fatty acids in the host and for the accumulation of fatty acid in the fungus (Keymer et al., 2017) . The acyl chain specificity of the AM-dependent DIS enzyme was not characterized, but it is probably specific for the production of 16:0-ACP similar to Arabidopsis KASI, because the DIS gene complements the developmental and lipid phenotype of the Arabidopsis kasI mutant (Keymer et al., 2017) .
Acyl-ACP thioesterases (Fat) terminate chain elongation reactions of de novo fatty acid synthesis by hydrolyzing the thioester bond of acyl-ACPs. Plant Fat enzymes exhibit preferences for different acyl-ACP substrates. While FatA is highly specific for oleoyl (18:1D9)-ACP, FatB thioesterases show substrate specificity mostly for saturated acyl-ACPs (Jones et al., 1995; Moreno-P erez et al., 2012) . The ubiquitous FatB thioesterases present in all plants (e.g. Arabidopsis FatB, Cuphea hookeriana FatB1) hydrolyze 16:0-ACP but are also active with 18:0-ACP and 18:1D9-ACP ( Figure S1 in the online Supporting Information) (D€ ormann et al., 1995; Jones et al., 1995) . Plants producing medium chain fatty acids in their seeds harbor an additional FatB enzyme with specificity for, for example, 12:0 (FatB1, Umellularia californica) or 8:0 and 10:0 (FatB2, C. hookeriana) ( Figure S1 ) (Voelker et al., 1992; Dehesh et al., 1996) . Through their substrate specificities, Fat enzymes determine which fatty acids are released from the plastid and subsequently converted into acylCoAs which are transported to the endoplasmic reticulum (ER) (Li-Beisson et al., 2013) . In legumes, expression of a gene with sequence similarity to FatB is induced upon AM colonization (Gomez et al., 2009; Wewer et al., 2014) . The FatM gene (for mycorrhiza specific) from Medicago is essential for normal arbuscule development (Bravo et al., 2017) . Here, we describe the functional characterization of the L. japonicus FatM thioesterase including its role during AM symbiosis, employing lipid measurements and stable isotope labeling experiments of colonized wild-type (WT) and fatm roots, as well as assays of the recombinant Lotus FatM enzyme.
RESULTS
The FatM gene is conserved in plants that form arbuscular mycorrhiza Expression of the Lotus gene chr5.CM0328.70.r2.d ('Lotus FatM') is highly specific for AM formation (Wewer et al., 2014) . The deduced amino acid sequence is orthologous to Medicago FatM, and the two FatM sequences are similar to acyl-ACP thioesterases of class B (FatB) from Arabidopsis ( Figure S1 ). Protein BLAST searches in the GenBank database with Arabidopsis FatA1 (At3 g25110), FatA2 (Ag4 g13050) and FatB (At1 g08510) sequences revealed the presence of the orthologous Lotus FatA (chr1.TM1516.23_at) and FatB (Ljwgs_022305.1_at) proteins. A fourth Fat sequence from Lotus, FatC (Ljwgs_013315.1_at), was retrieved using the orthologous sequence from Medicago (Bravo et al., 2016) . The FatA, FatB and FatM sequences harbor putative N-terminal chloroplast-targeting sequences (http://www.cbs.dtu.dk/ser vices/ChloroP) (Emanuelsson et al., 1999) , suggesting that these thioesterases localize to the plastid. For Lotus FatC, only a 5 0 truncated sequence is available which lacks the putative transit peptide. A phylogenetic tree was constructed with FatA and FatB sequences from non-AM-competent plants (Brassica rapa, Arabidopsis thaliana) and with FatA, FatB, FatC and FatM sequences from L. japonicus, M. truncatula, Sorghum bicolor and Zea mays (Figures S1). Plants contain at least one ubiquitous FatB protein similar to Arabidopsis FatB, which is specific for 16:0-ACP, 18:0-ACP and 18:1D9-ACP. Some plants like C. hookeriana or U. californica which accumulate medium chain fatty acids, harbor additional FatBs specific for medium chain acyl-ACPs. These latter FatB sequences were included in the phylogenetic tree to study the relation of Lotus FatM to the different FatB enzymes. FatA and FatB enzymes were found in all plants, including members of the Brassicaceae, which do not engage in AM symbiosis ( Figure S1 ). Two extra clades of thioesterases, FatC and FatM, can be separated, and these clades are restricted to AM host plants. The FatM clade is more closely related to the FatC and FatB clades than to FatA. On the other hand, FatM sequences are not more similar to the 'ubiquitous' FatB proteins compared with the medium chain-specific FatB enzymes from C. hookeriana or U. californica.
FatM expression is reduced in Lotus fatm mutant lines
Two Lotus lines were identified in the Lotus LORE1 database (Malolepszy et al., 2016) carrying retrotransposon insertions in the FatM locus at positions À218 and À236 upstream of the start codon for fatm-1 and fatm-2, respectively ( Figure 1a ). The two insertions are presumably localized in the promoter or 5 0 untranslated region of the FatM gene. The expression of fungal and plant genes in response to AM formation was investigated by RT-PCR at 4 and 7 weeks post-inoculation (wpi) (Figure 1b, c) in Lotus WT and the fatm-1 and fatm-2 mutants. FatM expression was reduced in fatm-1 and fatm-2, to a lesser extent in fatm-2 at 7 wpi. Therefore, the insertions in the fatm-1 and fatm-2 plants affect FatM expression, but the colonized roots still contain low residual transcript levels. In contrast, expression of FatA and FatB was not affected in the colonized fatm-1 or fatm-2 roots. Expression of FatC was slightly induced in fatm-1 or fatm-2 at both time points. To assess colonization, we examined the Rhizophagus a-tubulin gene and the Lotus AM marker PT4 (PHOSPHATE TRANSPORTER 4). Their expression was reduced in the two allelic mutants at 4 wpi and became more similar to the WT at 7 wpi, indicating a decreased colonization rate in fatm-1 and fatm-2 at early stages with some recovery at later stages (Figure 1b, c) .
Arbuscular mycorrhiza symbiosis is compromised in fatm mutant roots
Microscopic examination of AM formation in the fatm lines confirmed that the mutants are less colonized than the WT (Figure 3a) . However, at 7 wpi root colonization of fatm-2 reached WT levels, in agreement with the observation that the FatM gene was more strongly expressed in colonized fatm-2 roots compared with fatm-1. Therefore, fatm-2 is a weaker allele. Both allelic mutants contained root areas with stunted arbuscules (Figure 2 ). As arbuscules are dynamic structures that undergo constant turnover stunted arbuscules were also present in the WT, although these occurred generally in the vicinity of vesicles, indicating a progression in the fungal growth stage. Besides, normal arbuscules were also sporadically formed in fatm-1 and fatm-2 roots (Figures 2 and 3b ).
To confirm that the increase in stunted arbuscules and the reduced numbers of total hyphae, intraradical hyphae and vesicles in AM colonized fatm roots was caused by deficiency in FatM gene expression, fatm-1 hairy roots were transformed with a plasmid containing the FatM gene driven by the endogenous promoter (pFatM:gFatM). Wildtype-like arbuscules developed in the complemented fatm-1 line, indicating that the increased occurrence of stunted arbuscules in fatm-1 originated from the deficiency in FatM expression. In addition, the transgenic complementation restored quantitative root colonization in fatm-1 ( Figure S2 ).
In the two allelic mutants, the frequency of vesicles was strongly reduced at 4 and 7 wpi (Figure 3a ). In addition, the vesicle surface area was decreased by about one-third in the mutant lines at 4 wpi ( Figure 3c) . A detailed comparison of the distribution of vesicle surface areas in colonized fatm-1 and fatm-2 roots revealed an enrichment of very small vesicles (0-1000 lm 2 and 1000-2000 lm 2 surface area), while medium-sized vesicles (2000-3000 lm 2 and 3000-4000 lm 2 ) were reduced and large vesicles (4000-5000 lm 2 and >5000 lm 2 ) were virtually absent (Figure 3d ), indicating a reduced ability of the fungus to store lipids when colonizing the mutants. In agreement with decreased arbuscule branching and colonization, fatm-1 and fatm-2 did not profit from AM symbiosis at 4 wpi by increasing the inorganic phosphate content in their shoots, and they displayed shoot phosphate levels similar to mock-inoculated plants (Figure 3e) . Therefore, the efficiency of AM-mediated phosphate uptake was compromised in fatm-1 and fatm-2 roots compared with Gifu WT.
Alterations in lipid composition in fatm roots after mycorrhiza colonization
Fatty acids and glycerolipids were measured in colonized and mock-infected roots to address the question of whether the fatm mutation causes changes in plant-derived or fungal storage lipids (TAG) or membrane glycerolipids. The distribution of fatty acids in WT, fatm-1 and fatm-2 mock-inoculated roots was very similar, in agreement with the exclusive expression of FatM in colonized roots (Gomez et al., 2009; Wewer et al., 2014) ( Figure S3a ). The content of 16:1x5 increased in the WT with the degree of root colonization ( Figure S3a, b) . The fungus-specific fatty acids 16:1x5, 18:1x7 and 20:3, as well as the common fatty acid 16:0, were decreased in fatm mutant roots. As 16:0 and 16:1x5 are mostly associated with TAG in fungal vesicles (Schliemann et al., 2008; Wewer et al., 2014) , their reduction is in agreement with decreased vesicle abundance and size in fatm roots (Figure 3a) , and this decrease is presumably a general marker for a reduced degree of colonization. Storage lipid (TAG) in the fungus is dominated by the molecular species 48:3 (tri16:1), 48:2 (di16:1-16:0) and 48:1 (16:1-di16:0) (Wewer et al., 2014) . In fatm-1, the fungal 16:1-containing TAG forms were decreased ( Figure S4a ), in agreement with the general decrease in 16:1x5. Furthermore, the amounts of the DAG molecular species di16:1 and 16:1-16:0, precursors for 48:3, 48:2 and 48:1 TAG, were also reduced in colonized fatm roots ( Figure S4b ). Therefore, the fatm mutation strongly affects the production of 16:1x5 for TAG deposition. The molecular species compositions of the membrane glycerolipids in colonized fatm and WT roots were very similar (Figures S4 and S5) , except that the Rhizophagus-specific molecular species of phosphatidylcholine and phosphatidylethanolamine, which are found in colonized WT roots (Wewer et al., 2014) , did not accumulate in fatm roots ( Figure S5 ). Taken together, the fatm mutation causes a specific decrease in fungal molecular species of storage and membrane lipids, but does not directly affect the composition of plant-derived molecular species. These results indicate that FatM is not involved in the production of lipids, which remain in the plant.
Two MAG regio-isomers, a-MAG (sn-1/3 MAG) and b-MAG (sn-2 MAG), were measured in Lotus roots by 500 bp Figure S6 ). While a-MAGs are side products of the conventional lipid biosynthesis pathway, b-MAGs are unusual forms of MAG produced by Arabidopsis GPAT6 or by the homologous RAM2 from legumes (Yang et al., 2010; Wang et al., 2012; Luginbuehl et al., 2017) . Forms of a-MAG carrying AM-specific fatty acids, 16:1x5, 18:1x7, 20:1D11, as well as 16:0 which accumulates in fungal TAG, were found in colonized WT roots (Stumpe et al., 2005; Schliemann et al., 2008) , and they were decreased in fatm-1 ( Figure S6a ). 16:0 b-MAG was the most abundant b-MAG in colonized WT roots, and this form was strongly increased during AM colonization ( Figure S6b ). In colonized fatm-1 roots, 16:0 b-MAG was decreased. We also measured a-MAGs and b-MAGs in colonized Daucus carota roots growing in one compartment of a split Petri dish, and in extraradical mycelium (ERM; spores, hyphae) harvested from the other compartment. Considerable amounts of 16:0 a-MAG and b-MAGs were found in ERM, and the contents (normalized to mg fresh weight (FW)) were higher than in colonized roots. In addition, a-MAG FatM shows thioesterase activity with preference for 16:0-ACP To study the substrate specificity of the FatM thioesterase, a truncated version of the cDNA, lacking the putative Nterminal plastid targeting signal but containing the complete sequence harboring the thioesterase activity, was expressed in Escherichia coli. The construct was introduced into the E. coli fadD mutant which is deficient in acyl-CoA synthetase activity and therefore can accumulate free fatty acids after expression of plant thioesterases (Overath et al., 1969; D€ ormann et al., 1995) . Induction of FatM expression in the E. coli fadD mutant resulted in the accumulation of free fatty acids, demonstrating that FatM
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fatm-2 stunted (63x) Figure 2 . Stunted arbuscules in fatm-1 and fatm-2 mutant roots. Roots of colonized wild type (WT) Gifu, segregating WT from fatm-1 (WTseg), fatm-1 and fatm-2 plants at 4 weeks post-inoculation were stained with Alexa Fluor 488 WGA (wheat germ-agglutinin), and infected cells were observed by confocal laser scanning microscopy at 25 9 or 63 9 magnification. The fatm-1 and fatm-2 mutant roots contain stunted as well as fully developed arbuscules. Bars = 50 lm. [Colour figure can be viewed at wileyonlinelibrary.com].
harbors thioesterase activity (Figure 5a ). Colonized wild type (WT) Gifu, segregating WT from fatm-1 (WTseg) and fatm-1 and fatm-2 mutant roots were stained with ink-vinegar and fungal structures observed by light microscopy at 4 weeks post-inoculation (wpi) (b-e) or at 4 wpi and 7 wpi (a).
(a) Frequency of root colonization (hyphae, arbuscules, vesicles, total structures) determined by the modified grid-line intersection method (n = 5).
(b) Frequency of arbuscule types in colonized WT seg and fatm-1 determined by the modified grid-line intersection method. Arbuscules were classified as normal, stunted, normal/stunted or no arbuscule (see Figure 2 ) (n = 4). (c) Total vesicle surface area. The surface area of all vesicles present in the investigated root segments was measured and averaged per root system (n = 5).
(d) Vesicle size population. The vesicle surface areas shown in (c) were sorted into six size categories (0-1000, 1000-2000, 2000-3000, 3000-4000, >5000 lm 2 ) and the distribution frequency calculated (n = 5). (e) The inorganic phosphate content of the shoots was measured photometrically. Results -P myc are means and SDs for at least eight independent leaf samples from three different pots and -P mock are from at least three individual leaf samples from single pots. -P myc, infected with R. irregularis; -P mock, inoculated with carrier material. Student's t-test (*P < 0.05; **P < 0.01).
ACP > 18:1D9-ACP > 14:0-ACP (Figure 5b ). 10:0-ACP and 12:0-ACP were not hydrolyzed. Therefore, FatM preferably releases 16:0.
FatM is required for the synthesis of fatty acids provided to the fungus
The findings that the fatm mutation affects the morphology and abundance of AM structures, particularly of the vesicles (Figures 2 and 3) , and that it results in a decrease in AM-specific lipids ( Figures S3-S5 ) suggested that FatM might be involved in the synthesis of lipids in the root cell which are required for normal AM establishment. We studied the impact of FatM deficiency on lipid synthesis in the plant and the fungus using isotopolog profiling. Colonized and mock inoculated roots of WT and fatm-1 were incubated with [ 13 C 2 ]acetate. Exogenously applied acetate in plants is readily converted into acetyl-CoA and predominantly employed for fatty acid synthesis in the plastid (Lin and Oliver, 2008 (Figure 5b ).
The amounts of 13 C isotopologs in 16:1x5 and 20:3 of WT myc samples were about 0.127 and 0.016 nmol mg À1 FW, equivalent to about 40% and 5% of the sum of the isotopologs of all fatty acids (0.318 nmol mg À1 FW) (Figure 5b) . Considering that additional 13 C label was retrieved in 16:0, which in part has both fungal and plant origin, this result indicates that at least around 45% of the fatty acids synthesized in colonized WT roots are localized to the fungus at 4 wpi. The finding that the 13 C incorporation into fungal fatty acids (16:1x5, 20:3) was strongly reduced could in principle also be explained by the reduced extent of fatm colonization, rather than by a specific effect of the fatm mutation on fatty acid synthesis. To address this question, i.e. to take into account the decreased degree of colonization and the reduced amounts of fungal fatty acids in fatm roots, the incorporated 13 C label was normalized to the total amount of each respective fatty acid. The total amounts of fatty acids were calculated from the sum of all isotopolog peaks ( Figure S8a ), and this fatty acid composition was comparable to that obtained by GC ( Figure S3b ). The amounts of 13 C labeling of 16:1x5 and 20:3 normalized to the respective fatty acids were also reduced in fatm-1 compared with WT, albeit to a lesser extent ( Figure S8b ). This result is in agreement with the conclusion that the fatm mutation not only affects the overall synthesis of fungal fatty acids but also specifically reduces the flux of [ 13 C]acetate into 16:1x5 and 20:3, suggesting that FatM is involved in a pathway that predominantly provides plant fatty acids to the fungus.
DISCUSSION
The acyl-ACP thioesterase FatM of L. japonicus is essential for AM symbiosis because it is required for full arbuscule branching, the establishment of vesicle size and vesicle frequency (Figures 2 and 3) . FatM is exclusively expressed in roots colonized with AM fungi ( Figure S7) , and is present only in genomes of AM host plants ( Figure S1 ) (Bravo et al., 2016) , suggesting that FatM resulted from gene duplication of FatB and was maintained during evolution for AM-specific de novo synthesis of fatty acids in the plastids of arbuscocytes (Bravo et al., 2017) .
FatM is phylogenetically related to FatB and is specific for 16:0-ACP In addition to FatM, three classes of thioesterases are found in plants, i.e. the ubiquitous FatA and FatB classes, and FatC, which is only found in AM-competent plants ( Figure S1 ) (Bravo et al., 2016) . FatA thioesterases are specific for 18:1D9-ACP, while the ubiquitous FatB enzymes hydrolyze 16:0-ACP, 18:0-ACP and 18:1D9-ACP (D€ ormann et al., 1995; Jones et al., 1995) . In addition to the ubiquitous FatB enzymes, some plants harbor further FatB thioesterases specific for medium chain acyl-ACPs (e.g. C. hookeriana, 8:0, 10:0; U. californica, 12:0). FatM sequences are related to the ubiquitous FatB enzymes and to the medium chain-specific FatB proteins (UcFatB1 and ChFatB2) to similar extents, suggesting that the medium chain-specific FatB enzymes evolved later, after the split from FatM (Figure S1 ). The expression of the FatA and FatB thioesterases from Lotus was not affected by the fatm mutation, while FatC expression was weakly increased (Figure 1b) . Furthermore, FatA, FatB and FatC do not show AM-specific transcript profiles ( Figure S7 ). These three thioesterases probably serve as housekeeping genes, providing the cell with an adequate supply of fatty acids (predominantly 18:1D9 and 16:0) for regular AM-independent growth, while FatM represents a FatB paralog highly expressed during AM colonization. Expression of Lotus FatM in E. coli fadD resulted in the release of free fatty acids, mostly 14:0, 16:0 and 16:1D9 (Figure 4a) . Similarly, expression of the Sorghum FatM ortholog in fadD resulted in the accumulation of 14:0, 16:0 and 16:1D9 (Jing et al., 2011) . The finding that the release of free 14:0 fatty acids compared with 16:0 was higher in Lotus FatM-expressing E. coli (Figure 4a ) than the in vitro activity of FatM with 14:0-ACP compared with 16:0-ACP (Figure 4b ), can be explained by the fact that acyl-ACP concentrations in E. coli are not equimolar. During logarithmic growth, the predominant proportion of ACP is not acylated, because acyl-ACPs make up only about 10% of total ACP (Rock and Jackowski, 1982) . Most acyl-ACPs have chain lengths of over C16. Furthermore, the hydrolysis of acyl-ACPs by FatM in transformed fadD cells results in the depletion of 14:0-ACP and longer chain acyl-ACPs. Thus, the FatM substrate specificity is more accurately determined by in vitro assays. Taken together, in vitro and in vivo measurements of FatM expressed in E. coli indicate that FatM acts as a 16:0-ACP thioesterase. Increased expression of Lotus FatM during AM formation is thus likely to result in the increase in 16:0-ACP thioesterase activity in arbuscocytes (Bravo et al., 2017) . Furthermore, the high similarity in substrate specificities between FatM from Lotus and FatB from Arabidopsis support the hypothesis that FatM sequences represent paralogs with a substrate specificity similar to the ubiquitous (16:0-ACP specific) sequences of the FatB class.
The AM-specific pathway of fatty acid synthesis in the root cortex cell Expression of different lipid biosynthesis genes is induced in arbuscocytes during colonization. Only few of them, DIS, FatM and RAM2, have been characterized genetically and only for one, RAM2, has the enzymatic specificity been determined (Bravo et al., 2017; Keymer et al., 2017; Luginbuehl et al., 2017) . These genes establish an extra AM-specific lipid biosynthesis pathway in root cortex cells which starts with de novo fatty acid synthesis in the plastid and proceeds with the assembly of complex lipids at the ER (Figure 6 ). Lotus contains an additional b-ketoacyl-ACP synthase I (KASI) copy, designated DIS, which presumably produces 16:0-ACP in the plastids of colonized roots (Wu and Xue, 2010; Keymer et al., 2017) . 16:0-ACP might subsequently be hydrolyzed by FatM, in line with its substrate specificity as determined after expression in E. coli. The importance of the fatty acid synthesis pathway in plastids of infected cells is emphasized by the findings that colonized Medicago roots show increased plastid proliferation with production of stromules, and the plastids cluster around the arbuscules (Lohse et al., 2005) . Furthermore, Medicago FatM is localized to these stromulated plastids (Bravo et al., 2017) . After export from the plastids, free 16:0 is converted into 16:0-CoA. Next, RAM2 produces 16:0 b-MAG from 16:0-CoA and glycerol-3-phosphate (Luginbuehl et al., 2017) . 16:0 b-MAG accumulates during AM formation, representing the most abundant b-MAG form. 16:0 b-MAG is also present in the ERM of Rhizophagus when colonizing a carrot hairy root culture ( Figure S6 ). However, in colonized roots, the amount of fungal b-MAG is presumably low, because fungal 16:1x5 b-MAG was not detected (Bravo et al., 2017; Keymer et al., 2017) . The decrease in 16:0 b-MAG in fatm-1 roots probably indicates a decrease through the AM-specific RAM2 acyltransferase pathway. The mechanism of lipid transfer through the arbuscular and periarbuscular membranes to the fungus, and the identity of the transferred lipid molecule, remain elusive. For example, STR half transporters of the ABC G type, which were shown to be required for AM establishment in Medicago, Lotus and rice, could be involved in lipid transfer to the fungus (Zhang et al., 2010; Gutjahr et al., 2012; Bravo et al., 2017; Keymer et al., 2017) .
The transfer of lipids to the fungus was recently studied in Medicago and Lotus roots. Expression of the 12:0-ACP-specific UcFatB thioesterase from U. californica in transgenic Medicago roots resulted in the accumulation of plantderived 12:0 in fungal spores, indicating that a 12:0-containing lipid was transferred to the fungus (Jiang et al., 2017; Luginbuehl et al., 2017) . incorporation of 14 C-sucrose into fatty acids in Medicago ram2 roots was reduced compared with the WT, although the ram2 roots were well colonized and contained arbuscules in the presence of a WT nurse plant (Luginbuehl et al., 2017) . 14 C-acetate was readily incorporated into fatty acids in fungal spores derived from colonized Medicago WT roots but not in spores from colonized roots of the acs mutant deficient in acetyl-CoA synthetase, indicating that the label was first incorporated into the plant (Lin and Oliver, 2008; Luginbuehl et al., 2017) . Finally,
13
Cglucose labeling of Lotus WT roots resulted in the incorporation of 13 C into 16:0 and 16:1x5 with isotopolog patterns that were very similar in the roots and in the ERM, but when colonized dis or ram2 mutant roots were incubated with 13 Cglucose, the isotopolog patterns in the root and in the ERM were very different (Keymer et al., 2017) .
We employed 13 C-acetate labeling to study the role of into AM-specific fatty acids (16:1x5, 20:3) was strongly affected in colonized fatm-1 roots, while the incorporation into plant-specific or common fatty acids was not changed or even increased (16:0, 18:2, 18:0), suggesting a redirection of the 13 C label into plant fatty acids in fatm-1 (Figure 5a) . The reduced 13 C labeling of 16:1x5 and 20:3 in infected fatm-1 roots was not due to a general decrease in the abundance of these two fatty acids because 13 C labeling of 16:1x5 and 20:3 was also reduced when normalized to the total amounts of these fatty acids ( Figure S8b, c) . Therefore, incorporation of [ 13 C 2 ]acetate into fungal lipids depends on FatM, in agreement with the scenario that plant-derived fatty acids are transferred to the fungus. In colonized WT roots, about 45% of the 13 C label was found in 16:1x5 and 20:3, while lower 13 C incorporation was detected in the other plant and fungal fatty acids. Because the label accumulating in 16:0 is also in part associated with the fungus, these results indicate that more than about 45% of the fatty acids synthesized in the roots are exported to the fungus. Taken together, the 14 C and 13 C labeling experiments presented here and in previous studies demonstrate that the label is first taken up by the plant and employed for de novo fatty acid synthesis in the plastids before a fatty acid (presumably 16:0)-containing lipid is transported to the fungus. Thus, carbon flow from the plant to the fungus is based on two compound classes, fatty acids and hexoses, which might allow for a better partitioning of primary metabolic pathways in the fungus. De novo fatty acid synthesis represents one of the most expensive biosynthetic pathways, consuming large amounts of ATP and NADPH. Therefore, it is conceivable that AM fungi have lost the capacity for de novo fatty acid synthesis during the evolutionary establishment of AM symbiosis because this might have made the association as a whole more energy efficient.
EXPERIMENTAL PROCEDURES Isolation of fatm mutant lines
The FatM transcript sequence (Gene ID, chr5.CM0328.70.r2.d) was retrieved from the L. japonicus Gene Expression Atlas (http://ljgea. noble.org/v2/) and used to search for lines carrying LORE1 retrotransposon insertions (Malolepszy et al., 2016) . Two mutant lines, designated fatm-1 (G63) and fatm-2 (D20), carrying insertions 218 bp and 238 bp upstream of the start codon, respectively, were identified. Homozygous mutant plants were obtained by screening with PCR (for oligonucleotides, see Table S1 ) (Urbanski et al., 2012) . As controls, WT Gifu and a WT segregant of fatm-1, designated WT seg, were selected.
Plant growth conditions and inoculation with Rhizophagus irregularis
Lotus seeds were scratched using sand paper, surface sterilized with 2% (v/v) sodium hypochlorite and 0.0001% (v/v) Tween 20 for 10 min, washed with sterile water and placed on phytoagar (0.7%, w/v, in tap water). Then, the seeds were incubated in the dark at 4°C for 3 days for stratification and incubated with 16-h light/day at 22°C and 55% relative humidity for 7 days. For inoculation, silica sand (1-2 mm diameter) was washed with tap water and deionized water, mixed 1:1 with vermiculite and autoclaved. Seedlings were placed in pots (7 cm high, 14 cm diameter) containing the sand:vermiculite mixture that was thoroughly mixed with Rhizophagus inoculum (Symplanta GmbH, http://www.symplanta.c om/) containing approximately 5000 spores per pot. For mock treatments, a carrier material of attapulgite clay powder was added. Plants were watered twice weekly with tap water/deionized water (1:1) and once a week with low-phosphate (-P) nutrient solution containing 50 lM phosphate and grown for 4 or 7 weeks (Wewer et al., 2014) .
Colonization frequency and microscopy
For the determination of colonization frequency, roots were stained with ink/vinegar and fungal structures quantified with the modified grid-line intersection method (McGonigle et al., 1990; Vierheilig et al., 1998) . Stained colonized root systems were dissected randomly into 1-cm pieces, and 10 1-cm root segments were mounted on a microscope slide. Each of these 1-cm segments was investigated at 10 randomly chosen spots which were scored for the presence of 'normal' (occupying most of the cavity of the cell; see Figure 2 ) or 'stunted' (strongly reduced structures) 'normal and stunted' or 'no' arbuscules. Per root system two to five microscope slides were employed, and per genotype at least three different root systems were used. Samples were analyzed at 10 9 magnification with a bright-field microscope (BH-2, Olympus, https://www.olympus-global.com/). The vesicle surface areas of all vesicles visible in the investigated root segments were measured with the cellSens standard software (Olympus). Wheat germ agglutinin (WGA)-Alexa Fluor 488 staining and confocal laser scanning microscopy of colonized roots was done as described (Pimprikar et al., 2016) .
Complementation of fatm-1 via hairy root transformation
The FatM gene and promoter region were amplified with Phusion PCR (NEB, https://www.neb.com/) using the primers indicated in Table S1 . Plasmids for complementation were generated using the Golden Gate Assembly (Binder et al., 2014) ( Table S2 ). Hypocotyls of L. japonicus were transformed with the vectors as shown in Table S2 . Hairy roots were induced using transgenic Agrobacterium rhizogenes AR1193 as described (Takeda et al., 2009 ).
Measurement of shoot inorganic phosphate
The inorganic phosphate content of shoots was determined as described (Itaya and Ui, 1966) . Briefly, a 1-3 cm stem segment containing one trifoliate leaf was harvested from each plant and dried at 110°C for 2 h, homogenized and extracted with 1 ml of solution containing 0.33 M sorbitol, 2 mM MgCl 2 , 1 mM EDTA and 50 mM Tricine. The extract was centrifuged at 4000 g for 5 min and 20 ll of the supernatant was added to 480 ll of color reagent 
Gene expression analysis
Total RNA was extracted with the plant total RNA Mini Kit (DNA Cloning Service, http://www.dna-cloning.com/) and cDNA synthesized from 1 lg RNA with the cDNA synthesis kit (ThermoFisher Scientific, https://www.thermofisher.com/). Reverse transcriptase-PCR was performed with 30 cycles with 50 ng cDNA as a template. The same results were obtained with RT-PCR reactions using only 5 ng cDNA template. Oligonucleotides and RT-PCR conditions for Lotus FatA, FatB, FatM, FatC, PT4, UBI and Rhizophagus a-tubulin are described in Table S1 .
Extraction and measurement of lipids and fatty acids
Lipid extraction and measurement of phospholipids, glycolipids, diacylglyerol, triacylglycerol and total fatty acids by quadrupole time of flight mass spectrometry (Q-TOF MS/MS) or gas chromatography-flame ionization detection (GC-FID), respectively, was described previously (Gasulla et al., 2013; Wewer et al., 2014) .
Measurement of monoacylglycerol
Roots of D. carota colonized with R. irregularis were grown in split Petri dishes on MSR medium with the colonized roots in one compartment and ERM (hyphae and spores) in the other (Cranenbrouck et al., 2005) . Thirty-five days after inoculation, the medium was dissolved with 10 mM sodium citrate and the ERM and the roots harvested, washed in sterile water and used for lipid extraction. To extract MAGs, total lipid extracts from colonized D. carota roots, R. irregularis ERM and colonized or mock-treated Lotus roots were dried, dissolved in hexane and the MAGs purified by solid-phase extraction on silica columns . Stable isotope labeling and 13 C fatty acid analysis
Plants were colonized with R. irregularis for 4 weeks as described above, removed from pots and washed gently with sterile, deionized water to remove excess substrate and ERM. The roots were submerged in 15 ml of labeling buffer (20 mM MES-KOH, 0.2% (v/ v) Tween 20, pH 5.6) containing 4 mM sodium [ 13 C 2 ]acetate (Sigma Aldrich, http://www.sigmaaldrich.com/) in 15-ml Falcon tubes with roots half covered with aluminum foil. In the negative control [ 13 C 2 ]acetate was omitted. The shoots were exposed to continuous light and roots harvested after 12 h of labeling. Total lipids were extracted as described above, after the addition of 5 lg of internal standard (pentadecanoic acid, 15:0). Lipids were dried under N 2 gas and hydrolyzed in 5 ml of 3 M KOH/methanol (1:9 v/ v), for 1 h at 80°C. Hydrolysis was stopped by the addition of 500 ll of concentrated HCl and total fatty acids extracted three times with 1 ml of hexane each. The solvent was evaporated and the dried fatty acids dissolved in 200 ll of acetonitrile. Fatty acids were separated on an RP8 column (Knauer Eurospher II, 150 mm 9 3 mm; https://www.knauer.net/) and detected by LC-MS with electrospray ionization in the negative mode on an Agilent 6530 Q-TOF mass spectrometer. To separate fatty acid isomers, the acetontrile was evaporated and fatty acids converted into methyl esters for separation by GC-MS in single-ion mode (SIM). For quantification by LC-MS or GC-MS, the abundance of the molecular ion (M + ) of the respective fatty acid isotopolog was used.
The abundance of naturally occurring 13 C fatty acid isotopologs was determined in non-labeled roots and subtracted from the isotoplogs measured in 13 C-labeled samples giving rise to overexcess amounts of 13 C isotopologs (Bao et al., 2000; Keymer et al., 2017) . Overexcess isotopologs containing only one 13 C were omitted because they could not be quantified due to the large natural 13 C isotopolog abundance. The amounts of total fatty acids were derived after addition of all isotopologs ( 12 C and 13 C) using the internal standard 15:0. Overexcess isotopologs for a given fatty acid were normalized to the unlabeled total amount of the respective fatty acid (in %) to calculate the relative labeling of individual fatty acids as previously published (Bao et al., 2000) .
Heterologous expression of FatM in E. coli and purification of recombinant protein A 1041-bp sequence of the FatM cDNA lacking the predicted Nterminal transit sequence of 126 bp was amplified by RT-PCR with Lotus WT root RNA using the oligonucleotides bn2340 and bn2355 (Table S1 ). The purified PCR product was ligated into pJET1.2 (Thermo Fisher Scientific). The FatM cDNA was released with BamHI and HindIII and ligated into pQE-80L (Qiagen, http:// www.qiagen.com/).
The FatM-pQE-80L construct was transferred into the E. coli fadD 88 mutant (Overath et al., 1969) for the measurement of free fatty acids. Escherichia coli fadD 88 cells harboring FatM-pQE-80L were grown at 37°C to an OD 600 of 0.5. Then they were moved to 16°C and 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) was added. After 12 h, 2 ml of the culture containing the cells was removed and boiled at 100°C for 10 min. Lipids were extracted from the culture (including cells and medium) with n-hexane and the hexane phase was used for purification of free fatty acids by solid-phase extraction . Free fatty acids were converted into methyl esters with 1 M methanolic HCl and quantified via GC using pentadecanoic acid (15:0) as an internal standard (Browse et al., 1986) .
Alternatively, FatM-pQE-80L was transferred into E. coli electroSHOX cells (Bioline GmbH, https://www.bioline.com/) for protein purification and measurements of enzyme activity. Escherichia coli electroSHOX cells harboring FatM-pQE-80L were grown at 37°C to an OD 600 of 0.5 and protein expression was induced with 1 mM IPTG for 12 h at 16°C. Then cells were harvested by centrifugation and lyzed. The His-tagged FatM protein was purified by Ni 2+ affinity chromatography (Qiagen).
Acyl-ACP synthesis and thioesterase assay
Acyl carrier protein was extracted from 500 g of E. coli cells (Majerus et al., 1965) . The acyl-ACP synthase (Aas) protein from E. coli was purified from the E. coli overexpression strain C41 (DE3) as reported (Shanklin, 2000) . Acylation of ACP was carried out in a reaction containing 17 lg of Aas protein, 1 lCi of [1-
14
C] fatty acid (10:0, 12:0, 14:0, 16:0, 18:0, 18:1D9; Hartmann Analytic, https://www.hartmann-analytic.de/), 5 mM ATP, 2 mM DTT, 100 mM TRIS-HCl pH 8.0, 10 mM MgCl 2 , 400 mM LiCl and 90 lg of E. coli ACP for 4 h at 37°C. Acyl-ACPs were purified by anion-exchange chromatography on 0.15 g of pre-swollen DE52 cellulose (Whatman/GE Healthcare, http://www3.gehealthcare.com/) columns in 1 ml of MES-KOH (10 mM, pH 6.1). After loading the acyl-ACPs, the column was washed with 8 ml of MES-KOH (10 mM, pH 6.1), with 8 ml of isopropanol/10 mM MES-KOH (pH 6.1; 4:1), with 8 ml of MES-KOH (10 mM, pH 6.1) and eluted in two 4-ml fractions with 0.5 M LiCl in MES-KOH (10 mM, pH 6.1). The acyl-ACP fractions were dialyzed against 100 volumes of MES-KOH (10 mM, pH 6.1) using Spectra/Por dialysis membranes with a cutoff of 6000-8000 Da (http://spectrumlabs.com/). Thioesterase assays were performed in 50-ll reactions containing 20 ll of purified FatM protein (2 lg), 5 ll (0.45 lCi ll
À1
, 1000 decompositions per minute ll À1 ) of [ 14 C]acyl-ACP and 25 ll of 200 mM Tricine-KOH (pH 8.5). The reaction was incubated at 22°C for 30 min and terminated by adding 50 ll of 1 M acetic acid containing 1 mM non-labeled oleic acid as a carrier. Free fatty acids were extracted three times with 300 ll of n-hexane (one volume of n-hexane saturated with four volumes of 1:1 isopropanol-water). Hexane was evaporated and the radioactivity determined by liquid scintillation counting.
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